Abstract Recent studies have shown that, in numerous species, systemically administered bone marrowderived mesenchymal stem cells undergo site-specific differentiation. This suggests that osteoblasts, by means of cytokine secretion, may promote dental pulp stem cells (DPSCs) to undergo osteogenesis. The objective of this study was to assess the potential synergistic interaction effect of osteoblasts on DPSCs for promotion of osteogenesis. Stem cells, derived from dental pulp of healthy human donors, were cocultured with calvaria osteoblasts using a culture insert system. The proliferation rate, calcium deposition, osteogenic-related gene expression of induced DPSCs, including Runx-2, bone sialoprotein, osteocalcin and collagen-1, were assayed using MTT, Alizarin Red S staining and reverse transcriptase polymerase chain reaction, respectively. Co-cultured DPSCs had the highest rate of proliferation compared with those cultured in absence of osteoblasts. The morphology and ultrastructure of DPSCs in the co-cultures showed improvement, with co-cultured DPSCs becoming more osteoblast-like as compared with DPSCs cultured alone, and the mineralization potential of cocultured DPSCs was enhanced compared with DPSCs cultured alone. Furthermore, osteogenic-related genes were significantly over-expressed in co-cultured DPSCs after osteogenic induction. The results demonstrate that DPSCs successfully differentiate towards osteoblasts and that the paracrine interaction of osteoblasts is likely to contribute to DPSC differentiation. It is believed that this study demonstrates certain useful applications for DPSCs in bone tissue engineering.
Introduction
There already exists an extensive body of research on the development of bone marrow-derived mesenchymal stem cell (BMSC) based therapies for the restoration of injured bone tissue. It has long been known that virtually all craniofacial structures are derivatives of mesenchymal cells originating from the neural crest (Mao et al. 2006) . Because DPSCs originate from the neural crest, at present many researchers have the view that dental pulp stem cells (DPSCs) are a promising and versatile tool for bone tissue regeneration and have been used for therapeutic stem cell applications Zheng et al. 2009; Gandia et al. 2008) . DPSCs share similar characteristics with BMSCs. For example, DPSCs and BMSCs both have multiple differentiation and high proliferation capabilities (Gronthos et al. 2000) . Furthermore, these cells can be transplanted across barriers with histo-compatibility complex, without the need for immune suppression. In fact, DPSCs and BMSCs have been found to actually induce immunosuppression (Pierdomenico et al. 2005; Jewett and Tseng 2011) . It is also notable that DPSCs are superior to BMSCs in certain aspects, such as low morbidity at the anatomical site after pulp collection, as well as the high efficiency of the extraction procedure of stem cells from pulp tissue (Graziano et al. 2008) . Previous studies have confirmed that DPSCs can differentiate into odontoblasts, osteoblasts, fat cells and nerve-like cells (Almushayt et al. 2006; Arthur et al. 2008) . Above all, DPSCs can potentially be used for tissue restoration in clinical practice.
There exists good research coverage on stem-cellmediated osteogenesis. Previous cell culture methods have successfully reported osteogenic differentiation of DPSCs. For example, Mori et al. successfully induced DPSCs into osteoblasts and detected DPSC osteoblast parameters using reverse transcriptase polymerase chain reaction (RT-PCR) and western blot analysis (Mori et al. 2010) . When comparing the effects of various in vitro conditions on DPSC osteogenic differentiation, valproic acid and bFGF are known key factors for bone formation through osteogenesis (Karbanová et al. 2010) . From these studies, it seems DPSCs cultured in different osteogenic media lead to different levels of osteogenesis. The contribution of these studies is to identify an optimal medium for bone tissue engineering and to confirm that the micro-environment plays an important role in the directional differentiation of DPSCs.
Previous studies suggested that stem cells interact in vivo with stromal cells or tissue cells. In 2003, Kim et al. succeeded in co-culturing osteoblasts with mesenchymal cells in direct cell-to-cell contact and confirmed that synergistic interactions exist between osteoblasts and MSCs (Kim et al. 2003) . Co-culture of rabbit articular chondrocytes and rabbit BMSCs within a defined range of ratios promotes expression of a cartilaginous extra-cellular matrix. Here, the micro-environment formed by chondrocytes plays a crucial role in the chondrogenic differentiation of BMSCs (Qing et al. 2011 ). Zhou et al. utilized this coculture method to observe osteoblasts controlling their mesenchymal precursors via the Wnt signaling pathway. The Wnt family consists of a large number of secreted glycoproteins. These signaling molecules are involved in regulating cell differentiation and osteoblast differentiation (Zhou et al. 2008 ). In the cell micro-environment, surface receptors of co-cultured cells come into direct physical contact with cytokines and the autocrine and paracrine factors secreted by one cell type readily interact with other cell types (Bigdeli et al. 2009 ). This theory clarifies the phenomenon that the interaction between stem cells and tissue cells exists. To date however, few studies have been performed to investigate the role of tissue cells on DPSC differentiation, based on the relationship between DPSCs and osteoblasts in vitro. This paper attempts to at least partially address this issue.
In this study, we co-cultured two cell types using a culture insert system to observe the effect of osteoblasts on DPSCs osteogenesis in vitro. Our aim was to explore a novel method to promote osteogenesis for bone engineering applications, which combines the technical requirements of both high efficiency and low consumption.
Materials and methods

DPSCs culture
Normal human permanent teeth were collected from patients 14-25 years of age at the dental clinic of the Second Affiliated Hospital of the Harbin Medical University. Each subject was assessed for systemic and oral infection or disease and only disease-free subjects were included in this study. All experiments on human subjects were carried out with the full understanding and written consent of the subjects and in the case of minor children, their parents or guardians. We also obtained approval from the Ethical Board of the Harbin Medical University before the extractions were performed. The DPSCs removed from human adult teeth were isolated enzymatically using the method described by Yuan et al. (2010) . The dental pulp was immersed in the following digestive solution: 3 mg/mL type I collagenase, 4 mg/mL dispase in 4 mL 1x PBS, 100 U/mL penicillin, with 100 lg/mL streptomycin for 1 h at 37°C. The solution was then filtered using a 70 lm strainer. Cells were collected by centrifugation and washed twice in Dulbecco's modified Eagle's medium/F12 (DMEM/ F12; Hyclone, Logan, UT, USA). The cells were seeded at 1 9 10 5 cells/cm 2 in 25 cm 2 culture flasks containing growth medium: DMEM/F12 supplemented with 20 % fetal bovine serum (Hyclone), 100 U/mL penicillin, 100 lg/mL streptomycin (Beyotime Institute of Biotechnology, Beijing, China), in a humidified atmosphere of 5 % CO 2 and 95 % air at 37°C. Medium was changed two to three times per week. DPSCs were cultured in this medium for at least one passage prior to differentiation and fibroblasts were removed from the DPSC population according to our previously described experimental method (Yuan et al. 2010 ). DPSCs at second passage (P2) were used for all experiments.
Osteoblast isolation and culture
Osteoblasts were obtained from the calvaria of 5 days old fetal Sprague-Dawley rats. The study was performed in accordance with a protocol approved by the Animal Care and Use Committee of the Harbin Medical University. After removal of the periosteum, several bone fragments were snipped off and cells were extracted from these by a 20 min digestion in 0.25 % trypsin and a 1 hour digestion in 1 mg/mL type II collagenase at 37°C. Cell fractions were collected and re-suspended in growth medium and filtered through a 70 lm strainer. Cells were then seeded at 1 9 10 5 cells/cm 2 in 75-mL flasks in growth medium as previously described and were incubated in a humidified atmosphere of 5 % CO 2 and 95 % air at 37°C. Culture medium was changed two to three times per week, and second passage (P2) osteoblasts were used for experiments.
Co-culture of DPSCs with osteoblasts
Both cell types were trypsinized and re-plated into the culture insert system (Greiner, Frickenhausen, Germany). DPSCs were plated at *1-2 9 10 5 cells/well in the lower plate wells, and osteoblasts were plated at *5-10 9 10 4 cells/well in the upper plate inserts (Mo et al. 2009 ). Cytokines and growth factors from the osteoblasts were able to disperse through the insert into the DPSC growth medium, which then became osteogenic medium. A control group comprising DPSCs cultured in growth medium in absence of osteoblasts was included.
Transmission electron microscopy (TEM)
DPSCs were collected and fixed in 2.5 % glutaraldehyde 0.1 M cacodylate buffer (pH = 7.4) for *2-3 h at room temperature. Samples were post-fixed in 1 % osmium tetroxide and dissolved in a 0.1 M phosphate buffer (pH = 7.4) for 1 h at room temperature. The samples were dehydrated in ethanol and embedded in Epon 812. Ultra-thin sections were contrasted in aqueous uranyl acetate and lead-hydroxide, observed and photographed using a Hitachi 7000 TEM.
MTT assay
A methyl-tetra-zolium (MTT; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma, St. Louis, MO, USA) assay was used to evaluate the proliferation rate of osteogenic induced DPSCs. DPSCs and osteoblasts were seeded alone at 1.2 9 10 3 cells/well in 96-well plates, referred to as control groups. Co-cultured DPSCs and osteoblasts were each seeded at 0.6 9 10 3 cells/well within the same well and were referred to as the experimental group. They were analyzed on days 3, 6, 9, 12 and 15. Cells were incubated for 4 h with 500 lg/mL MTT reagent in the dark at 37°C. After incubation, medium was removed and 100 lL dimethylsulfoxide (Kanto Chemical Co., Tokyo, Japan) was added. The plate was stirred using a microplate mixer (Amersham, Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK) and the absorbance was measured at a wavelength of 540 nm using a microplate reader Mycycler TM Thermal cycler (BIO-RAD, Hercules, CA, USA).
Alizarin red S staining
The capability of induced DPSCs to form mineralized nodules in vitro was assessed by Alizarin red S staining. Both DPSC control and experimental groups Cytotechnology (2013) 65:223-231 225 were cultured for 28 days in growth medium. As mentioned previously, this growth medium became osteogenic medium if DPSCs were co-cultured in the presence of osteoblasts. Media in all groups were changed twice weekly with fresh growth medium. After 28 days, cells were rinsed three times using PBS and fixed with 95 % ethanol for 10 min. Cells were then stained with 1 % Alizarin red S (Sigma) for 5 min. Distilled water was used to rinse the stain prior to observation.
Reverse transcriptase polymerase chain reaction (RT-PCR) analysis
Performance analysis was carried out on samples from two DPSCs groups at days 5 and 15 and repeated three times. Osteogenic-related genes in the stem cells were detected by RT-PCR. Total RNA was extracted from 10 9 10 5 induced cells at two time points using Trizol (Sigma) according to the manufacturer's instructions and was stored at -20°C for 40 min before performance analysis. cDNA synthesis was carried out from total RNA by reverse transcriptase (Gene Copoeia, Germantown, PA, USA). Polymerase chain reaction (PCR) amplification of target messenger RNA was performed using the ComWin PCR kit (ComWin Biotech Co., Beijing, China). The PCR oligonucleotide primers and annealing temperatures are listed in Table 1 . The products were electrophoresed on 2 % agarose gels.
Statistical analysis
MTT analysis and expression of osteogenic-related genes were reported as mean ± standard deviation.
One-way ANOVA was used to assess differences between treatment groups. When a difference between groups was identified by ANOVA, we further compared the indices in the co-cultured (experimental) group and the control groups. All statistical analyses were performed using SPSS (SPSS Inc, Chicago, IL, USA).
Results
Isolation of DPSCs and osteoblast populations
DPSCs and osteoblasts were isolated from humans and rats, repsectlively. Dental pulp stem cells proliferated rapidly, appearing spindle shaped; osteoblasts proliferated rapidly with tapered profile.
Morphology and ultrastructure analysis of DPSCs
Primary DPSC colony cultured for 48 h displayed no obvious morphological changes. At day 7, short spindle-shaped primary cells became more elongated (Fig. 1a-b) . The second passage DPSCs were cultured under two different conditions: (1) in the presence of osteoblasts, which produced an osteogenic medium; (2) in standard growth medium. No differences in size or shape between cells cultured in the two conditions were observed until the 28th day. Some co-cultured DPSCs were observed displaying an osteoblast-like morphology: their fusiform morphology had changed partly into a polygonal shape, with many bumps and an opaque body; however, DPSCs cultured alone showed almost no change. (Fig. 1b-e) . The influence of osteogenic medium on DPSC morphology was assessed using TEM analysis. At day 15, DPSCs in all conditions were mainly spherical or anomalous in shape, with small cell volumes, containing one or two nucleoli in the center, amounting to between 70 and 80 % of the total cytoplasm. Other morphological features did not change significantly. However, the DPSCs cell volumes in the -d 9100) . a Primary cultured DPSC were cultured for 48 h. b Primary cultured DPSC cultured until day 7. c The morphology of DPSCs in the presence of osteoblast co-cultures at day 28. d The morphology of DPSCs cultured alone at day 28. TEM analysis was used to assess the ultrastructural appearance of DPSCs in the presence and absence of osteoblast co-cultures at day 15, N for nucleus, ER for endoplasmatic reticulum, M for mitochondria. (Fig. 1e-f ). e DPSCs cultured alone were round in shape, with a basal nucleus and thin nuclear elongations; the cytoplasm contained scattered mitochondria, lysosome-like organelles and a rudimental reticulum (original magnification 96,000). f Ultrastructure of induced DPSCs in the coculture groups displayed nuclear polarity, with a round shape and basal nucleus. The nucleolus became bigger and an extremely extended rough endoplasmic was observed. A large Golgi apparatus and multiple coated matrix vesicles were also observed (original magnification 98,000)
Cytotechnology (2013) 65:223-231 227 co-cultured groups were greater than in the cells cultured alone groups. Induced DPSCs in the experimental groups had a basal nucleus, an evident nucleolus and an extremely extended rough endoplasmic reticulum, polarity of cytoplasmic organelles, numerous coated vesicles and a large Golgi apparatus (Fig. 1e, f) .
Proliferation assay
An MTT proliferation assay was performed to determine whether osteogenic factors secreted by osteoblasts were biologically active. Co-cultured DPSCs with osteoblasts (experimental groups) exhibited a higher rate of proliferation compared with DPSCs and osteoblasts cultured alone (control groups). Cell growth of the co-cultured groups was greater in comparison to those cultured alone (Fig. 2) .
Calcium assay
Mineralization occurs in the final stages of osteogenesis. DPSCs were stained with Alizarin red S at days 10 and 28. In all groups calcium deposition was absent at day 10 ( Fig. 3a, b) . At day 28, significant calcium depositions were identified at large, round, stained nodules in the co-cultured DPSC and osteoblast group. There were fewer and smaller mineralized nodules in the DPSC group cultured alone at day 28 (Fig. 3c, d ). Fig. 2 The cell groups exhibited different growth rates. Cell proliferation in all groups increased from day 3-15. Proliferation of the osteoblasts and DPSCs cultured alone (control groups) were comparable; however, DPSCs in the co-cultured group proliferated at the fastest rate throughout culture The amount of calcium deposition greatly increased after the day 28 in the DPSC co-cultured groups.
RT-PCR
To evaluate the influence of osteoblasts on the expression level of osteogenic-related genes in DPSCs, the most specific and common gene markers of the osteogenic lineage were investigated using RT-PCR at days 5 and 15. Osteogenic-related genes, including Runt-related transcription factor (Runx-2, also known as core binding factor), bone sialoprotein (BSP), collagen type I (COL-1) and osteocalcin (OCN), were expressed during DPSC osteogenic differentiation, and levels were more significant in co-cultured DPSCs compared with DPSCs cultured alone from day 5 to 15. Co-cultured DPSCs expressed normal levels of osteogenic-related genes when differentiating into osteoblasts at days 5-15. As the data illustrate, levels of Runx-2 and BSP expression were higher at day 5 compared with day 15, while levels of OCN and COL-1 expression were up-regulated at day 15 compared with day 5. This experiment indicates that induced DPSCs express many of the genes and transcription factors necessary for osteogenesis (Table 2) .
Discussion
In this study, we could confirm that osteoblasts can promote the osteogenic differentiation ability and proliferation capacity of DPSCs. Combining cellular and biochemical parameters, we simulated an in vitro model of the osteoblast niche that provides a physiological quiescent micro-environment. DPSCs were induced into osteogenic differentiation by the secretions from osteoblasts, suggesting that DPSCs could potentially be differentiated along other specific lineages if co-cultured with the appropriate primary cell type. DPSCs co-cultured with osteoblasts exhibited enhanced cell proliferation compared with DPSCs cultured alone. At day 28, the fusiform body morphology of induced DPSCs showed a partly polygonal and opaque body which resembled osteoblasts. DPSCs have previously been shown to consist of several subpopulations which are able to differentiate into odontoblasts and form mineralized nodules during cells passaging (Yu et al. 2010) . Mineralized nodules were detected in both groups, but to a greater extent in the co-cultured DPSC group. It is likely that the osteoblasts performed a crucial role in this process. Extracellular matrix mineralization is a physiological process required for the formation of bones and teeth. The appearance of a mineralized matrix in the cocultured DPSC group offers confirmation of the effect of osteoblast. After 5 and 10 days co-culture of DPSCs with osteoblasts, DPSCs expressed vast amounts of mRNA of several osteogenic markers, including Runx-2, BSP, OCN and COL-1. Runx-2 is a member of the runt homology domain family of transcription factors and is expressed during the early differentiation phase (Seong et al. 2010) . Previous studies have confirmed that Runx-2 knocked out leads to the formation of defects in fibrous cells (Yu et al. 2010 ). Thus, Runx-2 is clearly a crucial gene in the process of osteoblastic differentiation. In fact, high expression of Runx-2 at day 5 is closely associated with the process of ossification and is regarded as a useful factor during early differentiation of DPSCs. Furthermore, BSP, an osteogenic-specific gene, is an acidic, noncollagenous glycoprotein abundantly expressed in mineralized tissues and was significantly up-regulated in DPSC co-cultures.
In the later phase of differentiation, bone markers COL-1 and OCN were also highly expressed. Collagen I and hydroxyapatite crystals occupy more than 90 % of the bone extracellular matrix. Taken together, the results from the RT-PCR analysis show that osteogenic-related genes were identified at higher levels in DPSCs co-cultures, all of which promote the processes of bone development. The use of osteoblastic cytokines in the culture of DPSCs can induce DPSCs to address bone tissue repair problems. As we know, bone morphogenetic proteins (BMPs) are members of the transforming growth factor-b superfamily (Sowa et al. 2004) . Fetal bovine bone cells are reported to transcribe TGF-b mRNA, and synthesize and secrete this peptide. As early as 1987, researchers confirmed that bone cells can be stimulated by TGF-b (Robey et al. 1987) . BMPs promote DPSCs osteogenesis by playing a pivotal role in endochondral bone formation Lavery et al. 2008) . Osteopontin (OPN) is a key sialoprotein, which together with BSP is essential for the process of mineralization (Sodek et al. 2000) . MSCs are able to migrate and home into sites of injury, a process closely related to OPN (Zou et al. 2011) . Furthermore, BSP has a positive function in Saos-2 cell bone induction and bone morphogenesis (Anderson et al. 2002) and subsequently regulates the formation of hydroxyapatite (Gordon et al. 2007 ). BMPs, OPN and BSP are all derived from osteoblasts.
We therefore conclude that osteogenic proteins secreted by osteoblasts contribute to osteogenesis. We believe the synergistic effect of the secreted proteins could be superior to any single protein. Distinct differences exist between our study and previous studies. First, Ueno et al. co-cultured dental pulp cells with osteoblasts and found pulp cells were able to mineralize (Ueno et al. 2006 ). In our study we extracted DPSCs from the pulp cells and co-cultured them with osteoblasts in the same medium. This limits direct cell-cell contact between the two cell types. Osteoblasts in the upper insert secrete proteins which diffuse through the pores into the lower well containing DPSCs. By simulating the in vivo micro-environment, we found that DPSCs play a major role in mineralization and explored the role these secreted proteins have on DPSCs osteogenic differentiation. Furthermore, it is clear that the ratio of cell types within the co-cultures is important. In one study, an osseous phenotype was histologically detected only in 2:1 ratio of co-cultured MSCs and chondrocytes (Mo et al. 2009; Takagi et al. 2007 ). The optimal ratio of co-cultured DPSCs and osteoblasts was carried out in our experiment so as to achieve best results.
However, some limitations exist in our study. First, rat osteoblasts were included in the co-cultures because they are reported to have the highest homology with their human counterparts. However, it is not clear whether the same results would be obtained if human osteoblasts were used. Second, whether this novel culture method can be utilized in an in vitro three-dimensional frame is unclear for the moment.
Optimal in vitro culture conditions are critical for DPSCs induction. Tissue engineering and therapies arising from DPSC research are broadening the application for cell culture technology. Using a novel co-culture system, DPSCs can be directly modulated by paracrine signals from osteoblasts; this is a valid way for bone formation and tissue function repair applications. These results might be beneficial to future maxillofacial regeneration therapies. Ongoing work in our laboratory aims to compare this co-culture method with other osteogenic induction methods.
